Background-Endovascular
S urgical intervention, endovascular treatment, and continued medical management constitute the 3 treatment options for patients with thoracic or thoracoabdominal aneurysms. Treatment is advocated primarily to prevent rupture, yet the potential for spinal cord ischemia (SCI) and respiratory, renal, and cardiovascular complications, including death, as a result of treatment exists [1] [2] [3] [4] [5] and may discourage patients and physicians from pursuing anatomic correction by any intervention. Refinements in surgical techniques and the use of a variety of adjunctive measures for spinal cord protection have decreased but not eliminated the risk of SCI. 2,4,6 -13 Endovascular repair (ER) has been applied to the treatment of thoracic aneurysms to decrease the risk and magnitude of periprocedural complications, thus expanding the patient population considered eligible for anatomic treatment. 14 The possible benefits of ER strategies include avoidance of major thoracic or thoracoabdominal incisions and aortic cross-clamping, limitation of blood loss, decreased perioperative pain, diminished respirator dependency, and diminished incidence of visceral, renal, and spinal cord ischemia. 15 
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A relatively low risk of death and paraplegia after ER (1.6% to Ϸ3%) has been reported 16 -19 ; however, these studies were performed on selected patient populations with disease limited to the thoracic aorta. Only recently have alternatives to conventional open surgery been described for extensive aneurysms involving the thoracoabdominal segments. These strategies include the use of extra-anatomic bypass followed by total aortic relining with stent grafts, as well as endovascular repair with branched grafts. 20 -24 The criteria used to recommend ER, surgical repair (SR), and medical management vary among institutions and physicians depending on patient characteristics and physician familiarity with or availability of repair techniques. The effectiveness of each strategy has been the subject of comparison studies for isolated thoracic aneurysms but have been confounded by differing patient-related variables. The purpose of the present study was to detail the characteristics and outcomes of patients treated for thoracic and thoracoabdominal aneurysms at a single institution where both ER and SR techniques were used.
Methods
A retrospective review of all patients treated between January 1, 2001, and July 31, 2006 , who underwent elective open SR or ER of descending thoracic or thoracoabdominal aneurysms was conducted. Patients with aortic rupture or acute dissection and others who underwent emergent operation were excluded. Medical records and radiographic information were reviewed to determine the operative indications, demographic and comorbid information, procedural techniques, complications, and outcomes. Preoperative and postoperative imaging studies were retrieved digitally and analyzed with multiplanar reconstructions and centerline of flow measurement techniques on a workstation (TeraRecon Inc, San Francisco, Calif) using 3-dimensional (3D) image analysis techniques to assess the aortic morphology. Informed consent was established for all patients, and those enrolled into an investigational treatment signed a consent form approved by our institutional review board.
Patient Groups
ER patients underwent implantation of stent grafts with branches to the visceral arteries when necessary (Figure 1 ), as an isolated procedure, in concert with more distal open surgical procedures (access-related procedures and, uncommonly, infrarenal aneurysm repair), or in a staged fashion to complete a prior proximal repair (such as an elephant trunk graft procedure). Patients treated with mesenteric extra-anatomic bypass followed by aortic relining were not included in the present analysis but were subjected to a separate review. 20 Chronic dissection patients were included only if the indication for aortic repair was aneurysmal dilation. A significant number of patients treated with endovascular grafts were participants in clinical research trials; in such cases, they signed an informed consent form approved by our institutional review board. Three types of commercially manufactured endografts, including Zenith (Cook Inc, Bloomington, Ind), TAG ( W.L. Gore, Flagstaff, Ariz), and Talent (Medtronic, Santa Rosa, Calif), were used to repair aneurysms. Circulatory adjuncts used during SR varied in accordance with the extent of the repair and physician preferences. Very few patients in the present series underwent circulatory arrest procedures (single-stage arch procedures were excluded), and the majority of extensive aneurysms (types I, II, and III) were treated with the use of some circulatory adjunct (partial left-heart bypass, octopus perfusion technique, or axillary-femoral bypass along with segmental aortic clamping). Whenever possible, intercostal arteries were reimplanted with a patch or bypass technique. Spinal drainage was used with both open surgical and endovascular patients at the discretion of the treating physician. In general, all patients who underwent extensive aortic replacement (type I, II, and III repairs), in addition to those with prior distal aortic repairs, particularly in the setting of compromised pelvic circulation, had spinal drainage catheters inserted preoperatively. The protocol for drainage involved an initial pressure measurement followed by continuous drainage to pressure equivalent to 10 cm H 2 O, which was begun during or at the conclusion of the procedure. The maximum hourly drainage allowed before capping varied between physicians (range 30 mL/h to no limit).
Classification of Extent of Aneurysmal Disease
All ER and most SR patients underwent postprocedure crosssectional imaging studies, which were then evaluated on a 3D workstation with multiplanar and centerline of flow reconstructions to calculate the extent of the required repair. In the absence of postprocedure imaging for SR patients, the operative notations were substituted. The Crawford classification system 25, 26 was used to . The celiac and superior mesenteric branches (white arrows) are attached to the aortic graft as a side arm and oriented in the direction of the mesenteric vessel. They are mated with the visceral vessels in a modular fashion with a Fluency graft (C.R. Bard, Murray Hill, NJ). This patient had 2 right renal arteries, the lowest of which was embolized with coils (yellow arrow), whereas the upper right and left renal arteries were incorporated into the repair with reinforced fenestrations (green arrows) mated with JOMED stent grafts (Abbott Labs, San Francisco, Calif).
categorize the aortic disease (0 to IV; Table 1 ) on the basis of the extent of the aortic repair. Prior aortic procedures were recorded as proximal if they occurred proximal to the left common carotid artery or distal when they were caudal to the planned repair (carotidsubclavian bypasses were not considered prior proximal procedures).
Neurological Assessment
Each patient's neurological status was evaluated and classified as "deficit" or "no deficit" and then further categorized according to a previously described neurological deficit scoring system 4, 10, 26, 27 ( Table 2 ). Deficits present on awakening from anesthesia and within 24 hours of the procedure were considered "immediate," whereas those that occurred after a normal postoperative examination were termed "delayed." For each patient with a deficit, the lowest score was used to categorize the deficit, regardless of the degree or rate of any subsequent improvement.
Mortality
In addition to medical records, the Social Security death index was used to supplement mortality results. Deaths were categorized as those that occurred within 30 days of the surgery, within 12 months, or later during follow-up. Data on circumstances of each death were collected when available. II Aortic repair distal to the left common carotid artery, proximal to the 6th intercostal space, to a region below the renal arteries (requiring reimplantation of the visceral segment) III An aortic repair originating distal to the 6th intercostal space but above the diaphragm terminating below the renal arteries IV A repair originating below the diaphragm and above the renal arteries terminating below the renal arteries
Statistical Analysis
The definitions in this table were applied universally to ER and SR patients to determine the extent of aneurysm repair. Unilateral lower-extremity deficits were attributed to SCI unless they were associated with a deficit involving the ipsilateral upper extremity, indicative of a stroke.
ease, chronic obstructive pulmonary disease, cancer, glomerular filtration rate, aortic diameter, dissection, history of proximal aortic surgery, and history of distal aortic surgery). The score derived from this model ranges from 0 to 1 (the closer to 1, the higher the odds of the patient receiving ER), a number that was then used in 2 separate multivariable models that have been demonstrated as the best ways to adjust for propensity score 29 : (1) A logistic model that included both the repair technique and the propensity scores and (2) a logistical model that included repair technique, a selected group of variables (extent of aneurysm repair, age, gender, diabetes mellitus, coronary artery disease, aortic diameter, dissection, history of proximal aortic surgery, and history of distal aortic surgery), and the propensity scores.
Strength of associations are shown as odds ratio (OR) and 95% confidence interval (CI). Kaplan-Meier analyses were conducted to estimate survival rates between the repair techniques groups, and differences were tested with the log-rank test. Mortality rates are expressed as estimates determined from life-table analyses and cases per person-year. In all cases, a probability value Ͻ0.05 was considered significant. All analyses were performed with SAS version 9.1 (SAS Inc, Cary, NC) and S-Plus 6.1 (Insightful Corp, Seattle, Wash).
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
A total of 724 patients underwent repair over the 5-year study period. The mean age was 67Ϯ12 years; 65% of the patients were male. Patients treated with ER were on average 8.6 years older (71.3Ϯ12 versus 62.7Ϯ13 years, PϽ0.001) than those treated with an SR, but no gender differences between repair types were found. Our bias has been to treat patients who are younger or have fewer comorbid factors with conventional surgery, a tendency that is readily reflected in the preoperative patient characteristics ( Table 3 ). The average aneurysm diameter was 6.2 cm for SR and 6.3 cm for ER groups (Pϭ0.9). ER was more commonly used to treat aneurysms limited to the supradiaphragmatic and infradiaphragmatic aorta (types 0 and IV), whereas open repair was more frequently used to treat type II and III thoracoabdominal 
Mortality
Survival by repair technique is shown in Figure 2 . The 30-day mortality rate was 8.3% in SR and 5.7% in ER patients (Pϭ0.2). No intraoperative deaths occurred in the present series. One-year mortality rates were 15.9% and 15.6%, respectively, for SR and ER (Pϭ0.9; Table 4 ).
Spinal Cord Injury
The proportion of patients who developed SCI is shown in Figure 3 . Spinal cord injury was detected in 15 ER patients (4.3%) and 28 SR patients (7.5%; log-rank Pϭ0.08). The repair technique used was not associated with the presentation of SCI in the univariable analysis (OR 0.55, 95% CI 0.3 to 1.0), multivariable analysis (OR 0.56, 95% CI 0.3 to 1.3), after adjustment for a selected group of variables and the propensity score (OR 0.56, 95% CI 0.2 to 1.3), or after adjustment for the propensity scores alone (OR 0.66, 95% CI 0.3 to 1.4). In contrast, the extent of the required aneurysm repair was strongly associated with the development of SCI regardless of statistical adjustments (Table 5) . In both groups, the occurrence of spinal cord injury was highest for type II aneurysms, followed by types I, III, and then IV, with the lowest incidence noted for patients with isolated thoracic aneurysms (type 0, Ͻ1%; Table 4 ). The severity of the SCI (paraplegia versus paraparesis) and the potential for recovery did not differ between treatment modalities (Table 6) . SCI was more commonly noted immediately after SR (29% versus 13%) and in a delayed presentation (up to 6 days) after ER; however, the differences were not statistically significant (Pϭ0.2, Fisher exact test). No cases of SCI with ER for chronic dissections occurred; however, SCI occurred in 11 (10%) of 113 chronic dissection patients treated with SR. Univariable analysis suggested that this observation was significant, yet differences in the extent of aneurysm treated were marked, which precluded any definitive conclusions ( Table 7) . The only other finding of significance that arose from the univariable analysis was the association of prior distal aortic operations with the development of SCI (Pϭ0.004) in ER patients (Table 8 ).
Ruptures and Conversions
No ruptures in SR or ER patients occurred during follow-up. Furthermore, no conversions from ER to SR occurred, with the exception of a single patient who had a persistent proximal endoleak after ER. This patient was treated with an open surgical anastomosis of the proximal endograft to the arch under hypothermic circulatory arrest. Three patients required endovascular graft placement during SR to control anastomotic bleeding, but they were analyzed with the SR group.
Discussion
Complications after surgical and endovascular repair of thoracic and thoracoabdominal aneurysms are potentially devastating and multifactorial in origin. 2 The link between SCI and death is clear, 1 and several factors contribute to the development of SCI. 26, 32 In spite of the numerous strategies designed to ameliorate the risk, 1,2,4,7-12,26 even at centers of excellence, SCI still occurs in up to 11.4% of patients. 6 -9,12 Statewide Medicare data analysis noted an alarmingly high mortality risk after SR that approached 20% at 30 days and 31% at 12 months. 33 The most important factor that contributes to surgical risk is the extent of the aneurysmal disease, which implies a relationship between risk and the magnitude of the required repair procedure. 1, 2, 6 The less-invasive nature of an endovascular approach is intended to diminish the magnitude of the repair by limiting incisions to the groin, avoiding aortic cross-clamping, and minimizing perioperative end-organ ischemia, blood loss, fluid shifts, and insult to the cardiac and respiratory system. Prior studies have contrasted ER patients with SR patients treated either on a concurrent or historical basis. 16, 34, 35 The Gore TAG study noted a lower perioperative mortality (2.1% versus 11.7%) and incidence of SCI (3% versus 14%) for patients treated with ER. Complications such as renal insufficiency and respiratory failure were also less frequent in ER patients, whereas peripheral vascular complications and reinterventions were more commonly noted for ER patients. 16 
CAD indicates coronary artery disease; COPD, chronic obstructive pulmonary disease; BMI, body mass index; and GFR, glomerular filtration rate. *BMI was not included in the multivariable model owing to a high proportion of missing data (27%).
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Stone and colleagues 35 published a retrospective comparison of 74 ER and 83 SR patients with degenerative nonruptured aneurysms. Similar patterns of complications, including perioperative mortality (8.1% ER versus 9.6% SR), SCI (10.4% ER versus 7.2% SR), and stroke (11.9% ER versus 6% SR), were observed between ER and SR patients. 35 However, both the series by Stone et al 35 and the TAG study 34 involved patients with repairs limited to the descending thoracic aorta; patients with aneurysms involving the aortic arch (proximal to the left subclavian artery) and aneurysms abutting or involving the visceral segment were excluded. In addition, the relatively strict anatomic characteristics for proximal and distal landing zones required for ER patients caused inherent disparity between patient groups. Others have reported that unfavorable morphology of proximal and distal landing zones is the most common reason to preclude an ER 36 ; however, in such cases, SR may be entertained. In the present series, the uniformity of the retrospective method by which both SR and ER patients were classified provides a means of comparing factors that relate to the anatomic extent of the disease. The availability of branched endografts allowed for either treatment option to be used for most degenerative aneurysms, although our practice evolved during this 5-year period. The portions of aneurysms that involved the aorta proximal to the left common carotid artery were treated with open surgery (all endovascular cases that involved branches into the supra-aortic trunk vessels were excluded from the present analysis). However, the secondstage completion of such repairs (after arch replacement or elephant trunk graft placement) was included, and techniques for completion included either ER 37 or SR. 38 The completion procedures were included in the present analysis for both groups. The potential for a patient to undergo ER or SR was not based on the preoperative extent of the aortic disease but primarily on preoperative risk factors. Despite the use of multiple analysis strategies, few intergroup differences in mortality or SCI risk were detected. Such results are similar to those noted for descending thoracic aortic aneurysm by Stone et al 35 but contradict those of the Gore TAG trial. 34 The present study indicates that the overwhelming factor predictive of risk in patients with differing severities of comorbidities is the anatomic extent of the aortic disease. In the context of similar extents of disease, risks of death and SCI with ER and SR are similar ( Table 5 ). The greatest risk for SCI was noted for type II thoracoabdominal aneurysms, with an OR of 38 for SR and 37 for ER relative to thoracic aneurysms, for which the risk was Ͻ1%.
The evolution of ER devices to treat these complicated patients occurred throughout the time period of the present review and continues today. Rapid advances in device development and procedural techniques create difficulties when one attempts to contrast newer approaches with a standard of care. In spite of the availability of the first commercialized device midway through the present series (May 2003) to treat thoracic aneurysms, ER repair for aneurysm that involved the visceral vessels was clearly not an established, broadly disseminated technology. The use of such devices remains investigational in the United States (although it is now commercialized in Europe, Australia, and Canada), and several design iterations occurred throughout the present series. The frequent improvements that were made to the implants and delivery systems relegated event-experienced interventionalists to a continuous, steep learning curve with respect to device design, implantation techniques, and follow-up paradigms. Yet, there exist some fundamental skills for all forms of branched endografting, which can be underscored. Proper design techniques mandate the ability for clinicians to use 3D workstations to generate centerline of flow analyses and interpret multiplanar reconstructions. The mechanical construct of the aortic prostheses in the present series had side branches or reinforced fenestrations to preserve critical side branches (mesenteric and renal vessels), which have both been described previously in detail. 22, 23 An understanding of the fundamental engineering issues with the variety of modular joints, constructs of the mating stent grafts, and methods by which they can be deployed is imperative. Finally, the ability to work in 3 dimensions during implantation procedures that use standard angiographic (2-dimensional) imaging is important to ensure proper longitudinal and rotational device orientation. Shortcomings of branched endovascular repair include the lack of dissemination of the technology, limited long-term follow-up, and the considerable delay related to the manufacturing of customized devices. Many of these factors have precluded the application of ER in urgent situations. In an effort to overcome some of these limitations, a number of clinicians have described hybrid procedures, such as extraanatomic (mesenteric) bypasses followed by aortic relining with thoracic stent graft devices. However, reported series quote mortality rates of up to 20% with this technique, 20, 39 along with several other types of complications that are analogous to those with conventional SR. We excluded all patients treated with mesenteric bypasses at our institution from the present analysis and have reported them elsewhere. 20 Currently, such procedures are very uncommon and are reserved primarily for the unusual patient with contraindications to both SR and branched ER.
Despite the similarities in overall outcome, observations on subgroup analyses should be noted. Prior distal aortic repair that preceded ER increased the risk of SCI development, as has been suggested by other authors. 15,17-19,40 -44 The explanation likely relates to the loss of lumbar arteries that provide collateral spinal cord perfusion in concert with the lateral sacral artery and internal iliac artery. 45 The subsequent disruption of segmental thoracic intercostals that occurs during ER may place these patients at higher risk for SCI. In contrast, the presence of a prior distal aortic procedure was not associated with SCI after SR, likely because of the benefit of reimplantation of intercostals. These observations have caused us to carefully consider the use of ER in patients with prior distal repairs, particularly in the presence of compromised internal iliac circulation. In a number of cases in the ER group (after 2004), internal iliac branched grafts 46 were used in concert with visceral branch devices to maintain antegrade pelvic blood flow. The absence of SCI after the ER of aneurysms with aortic dissections was also noted; however, most patients with aneurysmal dilation and chronic aortic dissections had limited distal aortic involvement. This may be related to a selection bias rather than constituting a true relationship. The timing of SCI onset differed between groups. All but 2 SCI cases occurring after ER were delayed (13/15, 93%), in contrast to the development of immediate deficits in 29% of patients with SCI after SR, yet the differences were not statistically significant (Pϭ0.2). These data are concordant with previously published ER series that noted the vast majority of SCI occurs in a delayed manner after ER. 15,17-19,40 -43,47-49 Most cases of delayed SCI were also associated with hypotension or other complications manifested by failure of at least 1 other organ system. Evidence of recovery after SCI deficits between the 2 groups in the present study was equivalent. In spite of the similar outcomes, the general treatment paradigm used at our institution is to treat healthier, younger patients with SR and older less fit patients with ER. The use of ER in healthier, younger patients may be appealing in that the minimally invasive approach would presumably be associated with fewer complications, yet we remain hesitant to wholeheartedly endorse this concept in the absence of longer-term follow-up data.
Several questions are raised by the observations in the present report. The risk of death and paraplegia for the repair of extensive and complex aneurysms in the present series is clearly lower than that cited in Crawford's original series, 3 but the absolute risk to patients with type II aneurysms remains high. When an individual patient is treated, these risks must always be balanced against the risk of rupture of untreated aneurysms. These considerations are also reflected in our practice. Prior reports of subsets of these data noted a maximal aneurysmal diameter of 77 mm for type I, II, and III aneurysms, whereas type IV aneurysms were on average 66 mm, and aneurysms isolated to the descending thoracic aorta were slightly smaller than that. As the risks of the procedure have diminished, the size threshold at which the clinician and patient agree on a repair strategy diminishes.
The vast majority of the endovascular devices used in the present study were not commercially available in the United States but were used in the context of a physician-sponsored investigational device exemption study. The available data on costs are not reflective of what a device might cost after approval. Throughout the study, several technique refinements occurred. We observed a marked decrease in the amount of intra-arterial contrast and radiation exposure over the 5 years of implantation. The availability of a longer mating stent graft has eliminated many modular joints and limited the number of required implants per case. All of these factors further support the concept that the technology has not reached a plateau and make it considerably difficult to attempt to determine projected costs for broadly used, minimally invasive treatment of extensive aortic aneurysms.
Although the optimal method to compare SR and ER treatments of complex aortic aneurysms would be the construction of a prospective randomized trial, several limitations to such a design exist. Many patients are not considered to be surgical candidates and thus are not eligible for randomization. To include such patients would require the creation of registry arms that would allow for the treatment of high-risk patients. Alternatively, a medical treatment arm could be created and patients randomized to medical therapy versus ER when deemed unfit for surgical resection. Such a trial design closely resembles the EndoVascular Aneurysm Repair (EVAR) trials, 50 which have become the subject of significant criticism. Additional challenges include the need for a large number of patients and broadly disseminated endovascular skills and the rapid technological improvements that occur for branched endovascular devices. Consequently, we are currently relegated to series such as the present one in which both techniques were used, irrespective of the extent of the anatomic disease, in concert to treat a complex group of patients who remain at high risk of complications.
Conclusions
Similar outcomes with respect to mortality and SCI exist between open and endovascular repair of thoracic and thoracoabdominal aneurysms when evaluated in the context of the extent of the repair despite the greater prevalence of sicker and older patients treated with ER. The extent of the aneurysmal disease overshadowed other potential risk factors for SCI, with type II aneurysm patients most at risk, followed by types I, III, IV, and 0. SCI was more likely to manifest early after SR than ER, but the potential for recovery from the injury was similar between groups.
